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Abstract 

Background: Recent evidence has suggested that the capability of cancer to grow, propagate and relapse after 
therapy is dependent on a small subset of the cell population within the tumor, called cancer stem cells. Therefore, 
this subpopulation of cells needs to be targeted with different approaches by identification of unique stem-cell 
specific target antigens. One of the well known tumor antigens is the epithelial cell mucin MUC4, which is 
aberrantly expressed in ovarian cancer as compared to the normal ovary and plays a pivotal role in the 
aggressiveness and metastasis of ovarian cancer cells. In the present study, we aimed to analyze the cancer stem 
cell population in MUC4 overexpressed ovarian cancer cells. 

Methods: MUC4 was ectopically overexpressed in SK0V3 ovarian cancer cells. Western blot analysis was performed 
for MUC4, HER2, CD133, ALDH1 and Shh expression in MUC4 overexpressed cells. Confocal analysis of MUC4, HER2 
and CD133 was also done in the MUC4 overexpressed cells. CD133 and Hoechst33342 dye staining was used to 
analyze the cancer stem cell population via FACS method in SKOV3-MUC4 cells. 

Results: MUC4 overexpressed SK0V3 cells showed an increased expression of HER2 compared to control cells. 
MUC4 overexpression leads to increased (0.1%) side population (SP) and CD133-positive cancer stem cells 
compared to the control cells. Interestingly, the tumor sphere type circular colony formation was observed only in 
the MUC4 overexpressed ovarian cancer cells. Furthermore, the cancer stem cell marker CD133 was expressed 
along with MUC4 in the isolated circular colonies as analyzed by both confocal and western blot analysis. HER2 
and cancer stem cell specific marker ALDH1 along with Shh, a self-renewal marker, showed increased expression in 
the isolated circular colonies compared to MUC4-transfected cells. 

Conclusion: These studies demonstrate that MUC4 overexpression leads to an enriched ovarian cancer stem cell 
population either directly or indirectly through HER2. In future, this study would be helpful for MUC4-directed 
therapy for the ovarian cancer stem cell population. 
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Background 

Ovarian cancer is a highly lethal disease which represents 
a great clinical challenge in gynecologic oncology. It is 
asymptomatic until the disease is in the late stage, causing 
it to have the highest fatality-to-case ratio of all gynecolo- 
gic malignancies. There is emerging evidence showing that 
cancer stem cells are capable of regenerating tumors and 
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they are responsible for the aggressiveness of the disease, 
metastasis and resistance to therapy [1]. Cancer stem cells, 
like somatic stem cells, are thought to be capable of self- 
renewal or unlimited proliferation. A recent study 
describes that ovarian cancer cell lines were shown to pos- 
sess "side population" (SP) cells that have been described 
as cancer stem cells due to their ability to differentiate 
into tumors with different histologies, similar to the pluri- 
potent character of stem cells [1]. It is now believed that 
cancer often relapses after the treatment due to the stem- 
like population in some solid tumors [2]. Although 
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advanced ovarian cancer is generally initially responsive to 
standard chemotherapies (cisplatin and paclitaxel), it is 
almost inevitably followed by the drug resistant phenotype. 
One accepted hypothesis about chemoresistance is that 
standard therapies fail to target tumor progenitors, which 
are like normal stem cells, because of the expression of 
membrane efflux transporters [1]. 

The alterations in the mucin expression or glycosyla- 
tion pattern is often associated with the development of 
cancer via influencing cellular growth, differentiation, 
transformation, adhesion, invasion and immunosuppres- 
sion [3,4]. MUC4 frequently displays an altered expres- 
sion under the pathological conditions of many cancers 
[3,4]. Previously, our study has revealed an aberrant 
expression of MUC4 mucin in > 90% of different histolo- 
gical subtypes and grades of ovarian tumors with very 
low or undetectable expression in the normal ovary [5]. 
Overexpression of MUC4 mRNA has also been reported 
in ovarian cancer [6]. In our previous study, we showed 
that MUC4 interacts and stabilizes HER2 in both ovarian 
and pancreatic cancer cells [7,8]. We have further shown 
that MUC4 induces the epithelial to mesenchymal transi- 
tion (EMT) through the upregulation of N-cadherin, and 
thereby induces metastasis of human ovarian cancer cells 
[9]. A recent study has shown that HER2 amplification 
regulates the mammary stem/progenitor cell population 
and promotes carcinogenesis, tumorigenicity and invasive 
properties [10]. Recently, Engelmann et al have demon- 
strated that MUC1 (a membrane bound mucin) is also 
expressed in the mammary stem/progenitor cells [11] 
and is important in the future application of MUC1- 
based therapies for complete cancer eradication. 

The aforementioned observations suggest that MUC4 
may have an important role in the pathogenesis of ovarian 
cancer. In this study, we have investigated increased 
expression of HER2 and the cancer stem cell population 
in MUC4 overexpressed ovarian cancer cells. Further, we 
have analyzed cancer stem cell and self-renewal specific 
markers in the isolated populations. These studies indicate 
that MUC4 induces HER2 expression and may enrich the 
cancer stem cell population in ovarian cancer stem cells. 

Methods 

Generation of MUC4 construct 

We generated a MUC4 minigene construct to overcome 
the transfection associated problems due to its large size 
and to investigate the biological function and effect of 
MUC4 expression in OC cells [8,12]. The resultant 
MUC4 cDNA was sub-cloned into the pSecTag-C 
vector for further transfection studies. 

Cell culture and transfection procedure 

SKOV3 cells was procured from ATCC (Manassas, VA, 
U.S.A.) and cultured in DMEM supplemented with 10% 



fetal calf serum and antibiotics. The MUC4 gene construct 
along with the empty vector control pSecTag-C, were 
transfected in SKOV3 OC cells by Fugene (Invitrogen) 
following the manufacturers protocol. Transfected cells 
were selected in the medium containing 200 (ig/ml zeocin 
(30 Days) and the drug-resistance (zeo+) clones (three 
from the empty vector, five from the MUC4 gene con- 
struct transfected) were selected from different plates and 
studied after expansion [8,9]. 

Immunoblot assay 

SKOV3 derived cell lines were processed for protein 
extraction and Western blotting using standard proce- 
dures. Briefly, the cells were washed twice in PBS and 
lysate was prepared in RIPA buffer (100 mM Tris, 
5 mM EDTA, 5% NP40; pH8.0) containing protease 
inhibitors (1 mM phenyl-methyl sulphonyl fluoride, 
1 (ig/ml aprotinin, 1 (ig/ml leupeptin). SDS-PAGE (10%) 
was performed under standard conditions. Resolved pro- 
teins were transferred on to the PVDF membrane. After 
quick washing in PBST (Phosphate buffered saline and 
0.1% Tween 20), the membranes were blocked in 5% 
nonfat dry milk in PBS for at least 2 h and then incu- 
bated with primary antibodies MUC4 (mouse), HER2 
(rabbit), ALDH1 (rabbit), CD133 (rabbit), Shh (rabbit) 
and P-actin (mouse) (diluted in 5% non fat dry milk in 
PBS) overnight at room temperature. Then the 
membranes were washed (3 x 10 min) in PBST at room 
temperature and probed with 1:2000 diluted secondary 
antibodies (anti-mouse and anti-rabbit) for 1 h at room 
temperature and washed 5 x 10 min with PBST. The 
signal was detected with an ECL chemiluminescence kit 
(Amersham Bioscience, UK). 

Confocal immunofluorescence microscopy 

MUC4 and vector transfected SKOV3 cells were grown 
on sterilized cover slips for 20 h. Cells were washed 
with Hanks buffer containing 0.1 M HEPES, and fixed 
in ice-cold methanol at 20°C for two minutes and 
blocked with 10% goat serum (Jackson Immunoresearch 
Labs, Inc., West Grove, PA, U.S.A.) containing 0.05% 
Tween-20 for at least 30 minutes. For Phalloidin stain- 
ing, cells were fixed with 3.6% formaldehyde-PBS solu- 
tion and followed by permeabilization with 0.1% 
TritonX-100 in PBS for 20 min at room temperature. 
After the blocking step and a quick wash in PBS, cells 
were incubated with the MUC4, HER2 and CD133 for 
60 minutes at room temperature. Then cells were 
washed (4x5 minutes each washing) with PBS contain- 
ing 0.05% Tween-20 (PBS-T) and then incubated with 
FITC-conjugated anti-mouse (green) and Texas red con- 
jugated anti-rabbit (red) secondary antibodies (Jackson 
Immunoresearch labs, Inc., West Grove, PA) for 30 
minutes at room temperature in the dark. Propidium 
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iodide was used for nuclear staining. Cells were washed 
(5x5 minutes) again and mounted on glass slides in 
anti-fade Vectashield mounting medium (Vector Labora- 
tories, Burlingame, CA). Laser confocal microscopy was 
performed by using a LSM 510 microscope (Carl Zeiss 
GmbH, Germany). Microphotographs of different stain- 
ings were taken in different channels separately. 

Hoechst 33342 dye and CD133 staining for 
Flowcytometry analysis 

Hoechst 33342 dye based FACS analysis have been used 
to determine the SP and NSP population in MUC4 
overexpressed and control SKOV3 cells. Cells were 
stained with Hoechst 33342 (Sigma) as previously 
described [13]. SP cells actively pump-out the dye 
(Hoechst 33342) and hence exhibit low fluorescence as 
compared to the NSP cells. Briefly, single cell suspen- 
sion of OC cells was prepared at a density of 2 x 10 6 /ml 
in pre-warmed DMEM mixed with Hoechst 33342 dye 
(5 (ig/ml). The cells were incubated in water bath at 37° 
C for 60 minutes and subsequently spun and re-sus- 
pended in cold HBSS+ (Hanks Balanced Salt Solution) 
containing 2 [ig/ml propidium iodide (PI) for dead cell 
discrimination. Finally, the samples were run directly on 
the FACS and counted according to the strength of 
staining. The Hoechst dye was excited with the UV laser 
at 350 nm and its fluorescence measured with a 450/20 
BP filter (Hoechst blue) and a 675 EFLP optical filter 
(Hoechst red). For the CD133-FITC and FACS analysis, 
2 x 10 7 cells were incubated with FcR blocking reagent 
(MACS, Miltenyi Biotech) for 30 minutes. Then it was 
incubated with surface marker antibody CD133-FITC 
(MACS, Miltenyi Biotech) for 10 minutes. Finally, FACS 
analysis was carried out to count CD133-positive popu- 
lations in MUC4-transfected and control SKOV3 cells. 

Results 

Ectopic Expression of MUC4 in SKOV3-Ovarian Cancer 
cells 

The MUC4 construct developed in our laboratory is 
similar to the wild-type MUC4 with 10% repetitive 
domain size of its originally described allele [8,9,12]. 
Expression of MUC4 in stable cell transfectants were 
evaluated by Western blot analysis using a MUC4 anti- 
body (8G7), which was developed in our laboratory that 
recognizes an epitope in the tandem repeat domain of 
MUC4. This antibody recognizes a MUC4 protein band 
of approximately 322 kDa specifically in the MUC4 gene 
transfected clone (SKOV3-MUC4) and not in the vector 
control (SKOV3-Vec) (Figure 1A). Expression and loca- 
lization of MUC4 was further confirmed by immuno- 
fluorescence confocal microscopy. Ninety percent of the 
SKOV3-MUC4 transfected cells showed localization of 
MUC4 in both cytoplasm and membranes (Figure IB) 



and an absence of MUC4 localization in vector-trans- 
fected SKOV3 cells (Figure IB). 

Overexpression of MUC4 stabilizes HER2 in ovarian 
cancer cells 

In our previous studies we have shown that MUC4 
interacts with HER2 in ovarian cancer and pancreatic 
cancer cells [7,8]. In the present study we have analyzed 
the expression of HER2 in MUC4 overexpressed ovarian 
cancer cells. Our result showed that HER2 was upregu- 
lated in MUC4 overexpressed SKOV3 cells compared to 
the vector control (Figure 1A). Furthermore, we have 
analyzed MUC4 and HER2 localization in the same cells 
by confocal immunofuorescence analysis. MUC4 and 
HER2 were co-localized in MUC4 overexpressed cells, 
most of which show an EMT phenotype [9]. Interest- 
ingly, a few cells also showed a circular phenotype along 
with MUC4-HER2 co-localization (Figure IB). This sug- 
gests that ovarian cancer cells consist of a heterozygous 
population of cells having different phenotype. 

Side population and Non-side population in MUC4 
transfected SKOV3 cells 

Recently, cancer stem cells have been identified as a minor 
population of cells sorted by flow cytometry based on 
their capacity to efflux the fluorescent DNA-binding dye 
Hoechst 33342. This is due to their overexpression of the 
ABCG2 drug resistance protein, one of the important 
characteristics of cancer stem/progenitor cells [14,15]. 
This population of cells was termed side population (SP) 
and the other population was called the non-side popula- 
tion (NSP). In the present study we have analyzed the 
number of SP and NSP cells in MUC4-transfected and 
control cells. Our results showed that MUC4-transfected 
SKOV3 cells were 0.1% more enriched in the SP popula- 
tion as compared to the vector control cells (Figure 2A). 
This suggests that overexpression of MUC4 leads to 
enrichment of the SP population in ovarian cancer cells. 

Increased number of CD133-positive cells in MUC4 
overexpressed SKOV3 cells 

CD 133 is a cell surface antigen which was recognized as a 
stem cell specific marker for both normal and cancerous 
adult tissues. CD 133 alone or along with other markers 
are currently used for the isolation of cancer stem 
cells from different cancer tissues and cell lines [16,17]. 
Qverexpressed MUC4 and control cells were stained with 
FITC-conjugated CD133 cells to analyze the percentage of 
the cancer stem cell population. Interestingly, MUC4- 
transfected SKOV3 cells showed a 0.1% increased CD 133 
population as compared to the control cells (Figure 2B). 
This further suggests that overexpression of MUC4 results 
in the enrichment of the cancer stem cell population in 
ovarian cancer cells. 
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Figure 1 Western blot and confocal analysis of MUC4 and HER2 in SK0V3 cells. (A) Western blot analysis of MUC4 expression and its 
derived sub lines SK0V3 Vec (empty vector p-SecTaq) and SK0V3 MUC4. A total of 20 ug protein from cell extracts was resolved by electrophoresis 
on a 2% SDS-agarose gel for MUC4 and 10% SDS-PAGE for HER2, transferred to polyvinylidene difluoride membrane, and incubated with anti- 
MUC4 monoclonal antibody. The membrane was then probed with horseradish peroxidase-labeled goat anti-mouse immunoglobulin. The signal 
was detected using an electrochemiluminescence reagent kit. MUC4 mucin is a high molecular weight glycoprotein and the predicted size of the 
mini MUC4 protein is 320 kda. (3-actin served as a loading control. (B) Localization of MUC4 and HER2 by confocal microscopy in both the derived 
cells. Cells were grown at low density on sterilized cover slips, washed, and fixed in ice-cold methanol at -20°C. After blocking in 10% goat serum, 
cells were incubated with the anti-MUC4 mouse monoclonal and anti-HER2 rabbit polyclonal antibodies, washed, and followed by secondary 
incubation with FITC-conjugated goat anti-mouse IgG and anti rabbit PI used for nuclear staining (Scale bar-20 urn). 
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Figure 2 Cancer stem cell population analysis in MUC4 overexpressed cells (A) Hoechest33342 dye analysis showed an increased (0.1%) 
side population (SP) in SKOV3-MUC4 cells compared to SKOV3-Vector cells. (B) FACS analysis of the CD133-positive population showed an 
enriched cancer stem cell population (0.1%) in MUC4-transfected SKOV3 cells compared to vector-transfected cells. 
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Circular colony formation in MUC4-transfected SK0V3 
cells 

Formation of spherical colonies has been reported to be a 
property characteristic of stem/progenitor cells and veri- 
fies a high developmental and proliferative potency of 
side population cells [11]. Interestingly, in our study we 
observed circular colony formation in MUC4-transfected 
SKOV3 cells when it became over confluent after three 
weeks (Figure 3). In contrast, no colony formation was 
observed in vector-transfected SKOV3 cells (Figure 3). 
We further isolated these colonies for the stem/progeni- 
tor marker analysis. 

Expression of cancer stem cell and self-renewal markers 
in circular colonies 

Cancer stem cells express numerous universal markers 
such as CD133, CD44, CD24, ESA and ALDH1 in dif- 
ferent cancers [1]. Few of these markers were used for 
the confirmation of an MUC4 enriched cancer stem cell 
population. Stem cells and cancer stem cells are known 
to possess the phenomenal property of self-renewal 
which is maintained by few specific pathways such as 
Shh, Wnt and Notch [1]. The circular colonies or 
tumor spheres from MUC4-transfected SKOV3 cells 
were isolated and grown in a separate glass cover slip 
for the cancer stem cell marker analysis by confocal 



microscopy. The confocal results showed immunofluor- 
escence staining of CD133 marker expression (Red) 
in the isolated colonies and SKOV3-MUC4 cells (Figure 
4A). On the other hand, MUC4 (green) immunofluores- 
cence staining is almost equal in both isolated colonies 
and SKOV3-MUC4 cells (Figure 4A). In our study we 
have also analyzed MUC4, HER2, ALDH1 and CD133 
for the cancer stem cells and Shh for the self-renewal 
pathway in the isolated colonies from MUC4 overex- 
pressed SKOV3 cells and SKOV3-MUC4. MUC4 
expression was observed at an almost equal level in 
both SKOV3-MUC4 and isolated colonies although 
there was a minor molecular weight change in isolated 
colonies (Figure 4B). Interestingly, increased expression 
of HER2 was seen in isolated colonies compared 
to SKOV3-MUC4 cells. Expression of CD133 was also 
shown in both SKOV3-MUC4 and isolated colonies, 
whereas ALDH1 showed an increased expression in 
isolated colonies compared to MUC4 overexpressed 
SKOV3 cells (Figure 4B). In addition, the Shh 
self-renewal protein expression was observed only in 
isolated colonies, while there was no expression in 
SKOV3-MUC4 (Figure 4B). This suggests that the iso- 
lated colonies from MUC4 overexpressed cells behave 
like cancer stem cells which are capable of maintaining 
the self-renewal property (Figure 5). 






40X 

Figure 3 Colony formation in MUC4-trasfected cells. SKOV3-Vector and SKOV3-MUC4 cells were seeded in equal confluence and allowed to 
grow for up to 18 days. After the full confluence we observed a tumor sphere-like colony formation on the top of the cells. Circular colony 
formation was observed only in MUC4 overexpressed SK0V3 cells and no colonies were formed in SKOV3-vector cells. (Original magnification 
100X upper panel and 40X lower panel). 
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Figure 4 Expression of cancer stem cell markers in circular colonies. (A) Confocal analysis showed significant expression of CD133 (Red) in 
isolated colonies compared to SKOV3-MUC4 cells. MUC4 (Green) expression was seen in both isolated colonies and SKOV3-MUC4 cells. DAPI 
(Blue) was used as nuclear counter staining. (B) Western blot analysis showed MUC4, HER2, ALDH1, CD133 and Shh expression in SKOV3-MUC4 
and isolated colonies from MUC4 overexpressed SK0V3 cells. (3-actin served as a loading control. DIC - differential interference contrast and 
staining (Scale bar-20 urn). 



Ponnusamy et al. Journal of Ovarian Research 201 1, 4:7 
http://www.ovarianresearch.eom/content/4/1/7 



Page 8 of 10 




Increased 
Cancer Stem Cell 
Population 



MUC4 



Figure 5 Schematic representation showed that MUC4 
overexpressed ovarian cancer cells induce the aggressiveness 
of the cancer cells and enrich the cancer stem cell population. 

It also showed that MUC4 is expressed in the ovarian cancer stem 
cell population. 



Discussion 

Ovarian cancer is the fourth leading cause of cancer 
deaths among all women and has the highest mortality 
among the gynecologic cancers. It is one of the most 
challenging of all cancers to fight as it often goes 
undiagnosed until it has already advanced and metasta- 
sized. Furthermore, current therapeutic strategies have 
been inefficient and tumor recurrence is observed in up 
to 70% of patients with advanced stage ovarian cancer, 
even after treatment [18-20]. Numerous evidences have 
revealed that a small population of cells behaving like 
stem-cells are responsible for the tumor recurrence and 
disease aggressiveness [1]. These populations of cells 
known as cancer stem cells have been demonstrated to 
have roles in many cancers, such as cancers of the 
hematopoietic system, ovarian, breast, brain, prostate, 
pancreas, colon and liver [1,2,11,13,16,21-25]. To date, 
very few specific tumor antigens have been identified to 
target the cancer stem cell population to prevent tumor 
recurrence. Hence, the present study showed that 
MUC4 overexpression is enriching the cancer stem cell 
population and it is expressed in stem/progenitor cells 
in ovarian cancer cells. 

MUC4 is known to be overexpressed in many types of 
carcinomas, including ovarian carcinoma [3,5,26]. The 
primary role of MUC4 is to protect the epithelial surface 
from injuries under normal physiological conditions, but 
overexpression is often correlated with the malignant 
phenotype. Our previous study reveals that MUC4 is 



aberrantly expressed in ovarian tumors [5] and in pan- 
creatic tumors [3]. Another study from our laboratory 
shows that down-regulation of MUC4 is involved in the 
suppression of pancreatic tumor cell growth and metas- 
tasis [27]. In our recent study, we have shown a direct 
association of the MUC4 mucin with the metastatic 
human ovarian cancer phenotype and also provided 
experimental evidence for a functional role of MUC4 in 
altered growth behavioral properties of the tumor cell 
[8]. The ectopic expressed MUC4 gene has all the basic 
elements of the MUC4 gene but its tandem repeat 
region is only 10% of the wild-type MUC4 allele [8,12]. 
As predicted, MUC4 overexpressed cells expressed an 
approximately 322 kDa protein. The localization of the 
MUC4 protein was observed in both the membrane and 
cytoplasm of SKOV3 ovarian cancer cells. 

Our previous study demonstrates an altered expres- 
sion of the human epidermal growth factor receptor 2 
(HER2), also known as ErbB2, in MUC4 overexpressing 
cells [8]. HER2 belongs to the epidermal growth factor 
receptor (EGFR) family. Most membrane-bound mucins 
have juxtamembrane domains with homology to the 
members of the EGF family [4]. MUC4 has been shown 
to act as an unorthodox ligand for ErBB2/HER2 [28], 
potentiating its responsiveness in cancer signaling [7,8]. 
Our recent finding showed that an overexpression of 
MUC4 increases the expression of HER2 in ovarian 
cancer cells [8] and stabilizes the HER2 oncoprotein in 
pancreatic cancer cells [7]. In the present study, we ana- 
lyzed the expression of the HER2 protein in MUC4- 
transfected ovarian cancer cells. The exogenous MUC4 
expression in ovarian cancer cells showed an increase in 
HER2 expression and colocalization, suggesting that 
MUC4 is involved in the stabilization of HER2 protein. 

There is emerging evidence that small subpopulations 
that behave like stem cells are present in many types of 
cancer. These subpopulations are responsible for the 
initiation, drug resistance and tumor recurrence [1]. 
Korkaya and colleagues showed that HER2-overexpres- 
sion in breast cancer cells enriched the cancer stem cell 
population, evidenced by an increased number of tumor 
sphere formation and cancer stem cell marker aldehyde 
dehydrogenase expression [10]. They have further 
shown an increased expression of stem cell regulatory 
genes, increased invasion in vitro and increased tumori- 
genesis in NOD/SCID mice [10]. This suggests that, in 
addition to genetic alterations such as amplification, the 
expression of the HER2 level is important for the main- 
tenance of CSCs. Recently, a minor population of cells 
was isolated by flow cytometry based on their capacity 
to efflux the fluorescent DNA-binding dye Hoechst 
33342 to identify cancer stem cells. This is one of the 
important properties for cancer stem/progenitor cells 
[14,15] because of the expression of ABCG2 drug 
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resistance protein. In our study, we have observed 
enriched population of CSCs in MUC4-transfected ovar- 
ian cancer cells using Hoechst33342 dye and CD133- 
positive population analysis. Further, an interesting 
observation of tumor sphere like circular colony forma- 
tion was observed predominantly in MUC4-transfected 
ovarian cancer cells and these colonies were isolated 
from the cells and analyzed with cancer stem cell mar- 
kers. There was a slight change in the molecular weight 
of MUC4 protein in the isolated colonies suggesting 
that there may be some variation in glycosylation pat- 
tern, which will be explored in future studies (Figure 
4B). The enriched cancer stem cell population in MUC4 
overexpressed cells may be due to the increased expres- 
sion of HER2 expression. Furthermore, isolated circular 
colonies showed significant expression of cancer stem 
cell specific markers CD133 and ALDH1 and the self- 
renewal maintenance marker Shh, which concludes that 
MUC4 is enriching the cancer stem cell population in 
ovarian cancer cells. Similarly, a recent study showed 
that a membrane-bound mucin MUC1 maintains a 
small population of stem/progenitor cells in the breast 
cancer (MCF7) cell line [11]. The fact that the vast 
majority of MCF7 stem cell enriched SP cells express 
MUC1 suggests that epithelial cancer stem cells would 
also be the targets of various immunotherapy 
approaches based on the MUC1 tumor antigen that has 
been designed with mature tumor cells in mind [11]. 

In conclusion, overexpression of MUC4 induces the 
HER2 level and enrichment of cancer stem cells in 
MUC4-transfected ovarian cancer cells. Circular colo- 
nies isolated from MUC4 overexpressed ovarian cancer 
cells show an increased expression of cancer stem cell 
specific markers (ALDHland CD133) and the self- 
renewal maker (Shh). This suggests that MUC4 stabi- 
lizes HER2 and enriches the cancer stem cell popula- 
tion, by either a direct or indirect mechanism which is 
yet to be explored. Our study proves that MUC4 is not 
only expressed on mature cancer cells, but also on 
tumor cells that have multiple characteristics of stem/ 
progenitor cells (Figure 5). This will help for the future 
application of a specific therapeutic target for cancer 
stem cells. 
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